Vascular endothelium has been found to pro duce a strong and potent vasoconstrictor peptide, endo thelin. In this study, we have examined basic mechanisms underlying the contractile response of cerebral vessels to endothelin using in vitro pharmacology and electrophys iology. It was found that endothelin produced strong con centration-dependent contractions of circular segments of the feline middle cerebral artery. The response was slow in onset and long lasting. The vessels showed a remark ably strong tachyphylactic reaction upon repeated expo sure to endothelin. The contractile effect of endothelin was not modified by the a-adrenoceptor antagonist phen tolamine (10-6 M) or the 5-hydroxytryptamine antagonist ketanserin (10-6 M). Mechanical removal of the endothe
lium decreased potassium contractions while the maxi mum response to endothelin was only slightly reduced. There was no change in sensitivity of the cerebral artery to endothelin. The addition of a calcium antagonist (10-6 M diltiazem or 3 x 10-8 M nimodipine) or removal of Vascular endothelium has been found to possess a key role in vasomotor responses to a heteroge nous group of agonists. The initial studies by Furchgott and Zawadzki (1980) (see Furchgott, 1984) suggested the presence of an endothelium derived relaxing factor (EDRF) (Cherry et aI., 1982) , while further studies, particularly those with cultured endothelial cells, have given evidence in favor of an endothelium-derived contractile factor (EDCF) (Vanhoutte et al., 1986) . Recent studies have now provided evidence for the nature of these extracellular calcium from the buffer solution did not change the sensitivity of the artery to endothelin but the maximum response to endothelin was reduced by be tween 40 and 60% by these procedures. The resting mem brane potential of the cat middle cerebral artery was -62.8 ± 3. 5 mV. There was no significant depolarization in conjunction with cumulative administration of endo thelin in concentrations below 1 x 10-9 M. However, bursts of excitatory junction potentials were occasionally seen in response to high concentrations of endothelin (5 x 10-9 M). The findings suggest that the contractile re sponse to endothelin of cat cerebral arteries involved in flux of extracellular calcium through voltage-sensitive calcium channels and is in part mediated via a voltage insensitive mechanism. Further work is necessary to de fine the intracellular actions of endothelin. Key Words: Endothelin-Cerebral arteries-Calcium mechanisms Electrophysiology-In vitro pharmacology. agents; at least in part, EDRF is considered to be nitric oxide (Palmer et al., 1987) while EDCF is thought to involve a polypeptide, denominated en dothelin (Yanagisawa et aI., 1988) . In preliminary studies, endothelin was found to be a potent vaso constrictor in different vascular beds. The effect was thought to be highly dependent on extracellular calcium since it was blocked by calcium antagonists of the dihydropyridine group. This has resulted in the hypothesis that the endothelin response is me diated by influx of calcium via voltage-dependent ion channels (Williams et al., 1987; Yanagisawa et al., 1988) .
The strong and very potent actions of the EDCF has lent support for the suggestion of an important role in the pathogenesis of cerebrovascular disor ders, e.g., cerebral vasospasm and classic migraine. In the present study, we have examined the vaso-constrictor response to endothelin in feline middle cerebral arteries with sensitive in vitro techniques in order to understand a possible functional signif icance in the cerebral circulation; the underlying mechanisms of endothelin-induced contractions have been elucidated by combining mechanical and electrophysiological techniques.
METHODS

In vitro pharmacology
Adult cats of either sex (2-4 kg body weight; n = 6)
were anesthetized with pentobarbital (30 mg/kg, i.p.) and exsanguinated. The brain was rapidly removed and im mersed in cold buffer solution; the middle cerebral arter ies were dissected free under an operating microscope. For examination, each segment (1-2 mm long) was mounted on two, L-shaped metal prongs (0. 2 mm in di ameter), one of which was connected to a force displace ment transducer attached to a Grass polygraph for con tinuous recording of the isometric tension, and the other to a displacement device (H6gestatt et aI., 1983) . The position of the other holder could be changed by means of a movable unit allowing fine adjustments of the vascular tension by varying the distance between the metal prongs.
The mounted specimens were immersed in tempera ture-controlled (37°C) tissue baths containing a Krebs buffer solution of the following composition (mM): NaCl, 119; NaHC03, 15; KCl, 4. 6; MgClz, 1.2; NaHzP04, 1.2; CaClz, 1.5; and glucose, II. The solution was continu ously aerated with 5% COz in 0z, giving a pH of 7. 4. A tension of 3-4 mN was applied to the arterial segments and they were allowed to stabilize at this level for 1.5 h. The contractile capacity of the vessel segments was ex amined by exposure to a potassium-rich (60 mM) buffer solution that had the same composition as the standard buffer solution except that some of the NaCI was ex changed for an equimolar concentration of KCl, inducing a contraction of 8.7 ± 1.0 mN (n = 46). The effect of endothelin was examined by cumulative application of the peptide (10-11_3 x 10-8 M) to the tissue bath during which a concentration-dependent contraction was seen. In experiments involving the presence of different antag onists, the individual blocker was given to the tissue bath 15 to 20 min before a concentration-response curve was achieved by addition of endothelin.
The endothelium was in some tests removed by rubbing the intimal surface with a wooden stick inserted via one cut end of the cerebral artery. The vessels were, except for this procedure, treated in the same way as the un rubbed. Potassium induced a contraction that was weaker in rubbed arteries (1.1 ± 0.2 mN; n = 8) as compared to the unrubbed ones (see above). Verification of the ab sence of endothelium was always checked by the lack of a dilatatory response to acetylcholine (Furchgott and Za wadzki, 1980) .
Electrophysiology
Arterial segments from four adult cats were mounted in tissue baths similar to those described above. The vessel preparations were continuously superfused (2 ml/min) with aerated buffer solution (composition see above).
Glass microelectrodes filled with 3M KCI were used to record the electrical response of single vascular smooth J Cereb Blood Flow Metab, Vol. 9, No.6, 1989 muscle cells. The microelectrodes had a tip resistance of 30 MD. Using this resistance, successful and durable im palements could be made without electrical disturbance of the recordings. Occasionally, high tip resistance micro electrodes (>70 Mil) were used to record the membrane potential. No quantitative difference was seen but the impalements were more durable when using high resistance microelectrodes.
The electrical signal was registered by a conventional electrometer that transformed the signal for continuous monitoring by a Grass polygraph recorder (model 7 P 122). For detection of rapid electrical phenomena, a Tek tronix storage oscilloscope was used.
The correlation between electrical and mechanical re sponses was studied by running the electrophysiologicaI and mechanical experiments in parallel. The concentra tion range of endothelin in the electrophysiological exper iments was chosen to reflect three phases of mechanical responses, i.e., concentrations unable to evoke contrac tion of the preparation, concentrations in the vicinity of the ECso value for the agonist representing the steepest part of the concentration-response curve, and finally con centrations corresponding to the maximum plateau level of contractile response.
Resting membrane potential of three to five smooth muscle cells of each preparation was recorded prior to further experimentation. Subsequently, the mean change ± SEM of the membrane potential in response to any treatment of a single smooth muscle cell from several preparations was calculated. The n represents the number of smooth muscle cells, and each observation was based on experiments in four animals. The maximum change of membrane potential was analyzed using Student's t test for paired samples (Stat-Works). p < 0.05 was considered statistically significant.
An experiment was always terminated by addition of high K + solution (60 ruM obtained by exchanging Na + for K + of the modified buffer solution; see above) serving as a control of the depolarizing ability of the smooth mus cle cell membrane. Subsequently, the intracellular elec trode tip was withdrawn to check 0 m V calibration.
Drugs
Endothelin (Peninsula, Belmont, CA, U.S.A.), ketan serin (Janssen, Beerse, Belgium), phentolamine (ACO, Solna, Sweden), diltiazem (Tanabe, Tokyo, Japan), nimo dipine (Bayer, Leverkusen, F.R.G.) were dissolved and diluted in saline. Concentrations given below represents means ± SEM, and are the final molar concentrations in the tissue baths.
RESULTS
In vitro pharmacology
Endothelin produced strong concentration dependent contractions of feline cerebral arteries (Table 1, Fig. 1 ). The response was slow in onset and long-lasting. When compared to the contraction evoked by 60 mM potassium, it reached 60 ± 8%. The contractile effect was not modified by the a-adrenoceptor antagonist phentolamine (10-6 M) or the 5-hydroxytryptamine antagonist ketanse rin (10 -6 M) (Table 1) . Endothelin showed a high de gree of tachyphylaxis; the second time the agent was tested on the same preparation, there was al most no reaction to the agent (Fig. l) .
Removal of the endothelium decreased the potas sium contraction from 8.7 ± 1.0 to 1.1 ± 0.2 mN. This procedure did not change the sensitivity of the cat middle cerebral artery to endothelin (Fig. 2) . The maximum contraction to endothelin was in rubbed arteries (1.7 ± 0.2 mN) as compared to un rubbed (4.8 ± 0.9 mN). Relative to the potassium contraction, it had increased (165 ± 18%).
Neither the addition of a calcium antagonist (10-6 M diltiazem or 3 x 10-8 M nimodipine) nor cal cium-free medium changed the sensitivity to endo thelin. However, the maximum response to endo thelin was reduced significantly by each procedure, by between 40 and 60% (Table 1, Fig. 3 ).
Electrophysiology
The resting membrane potential of a distal part of the cat middle cerebral artery varied between -52 and -66 mY. The average was -62.8 ± 3.5 mV (mean ± SEM, n = 17). There was no depolariza tion in conjunction with the cumulative administra-tion of endothelin in concentrations up to 3 x 10-10 M (Fig. 4 ). If anything, there was a slight hyperpo larization by a few m V. In contrast, a high concen tration of endothelin (5 x 10-9 M) occasionally evoked excitatory junction potentials. However, the excitatory junction potentials only appeared when a full contractile response had been estab lished, i.e., the electrical response to endothelin was markedly delayed. Potassium (60 mM) always caused strong depolarization in conjunction with vasoconstriction ( Fig. 4) .
DISCUSSION
After the original discovery by Furchgott and Za wadzki (1980) of endothelium-dependent vasodila tion, the endothelium has been found to possess a key role in the regulation of vascular smooth muscle tone both during normal circumstances and in the pathophysiology of many circulatory disorders (Vanhoutte et aI., 1986) . Several lines of evidence have suggested that endothelial cells may facilitate contractile responses in vascular smooth muscle. Cultured bovine aortic endothelial cells have been shown to release a potent vasoconstrictor polypep tide (Hickey et aI., 1985) . This agent may at least in part be responsible for endothelium-mediated excit atory responses by the release of an EDCF. Such a factor has now been identified as endothelin, a 21residue peptide with a strong vasoconstrictor ability (Yanagisawa et aI., 1988) .
The present experiments have revealed that en dothelin is a potent vasoconstrictor of cerebral ves sels showing a high degree of tachyphylaxis. The responses were, as observed in porcine coronary arteries by Yanagisawa et ai. (1988) , slow in onset and took a long time to return to baseline after washout. The response was 60% of the contraction produced by potassium. When comparing with con- The data are presented as pDz (-log EC50) ± SEM and maximum contraction (EmaJ ± SEM (expressed as % of the 60 mM potassium response), based on the number of vessels examined (n). The response to 60 mM potassium was 8.7 ± 1.0 mN (n = 46) in unrubbed and 1.1 ± 0.2 mN (n = 8) in rubbed arteries.
Statistical analysis between mean values (±SEM) of control vs. treatment was performed using Student's t test with Bonferroni correction for multiple group comparisons; *p < 0.05. tractions elicited by other vasoconstrictor agents in the same preparation, endothelin is by far the strongest vasoconstrictor examined and has a po tency that is comparable to that of neuropeptide Y (Edvinsson et aI., 1984; Hamel et aI., 1988; Skarby et aI., 1983) . As can be seen in Table 1 the contrac tile response to endothelin was not altered by a-adrenoceptor or 5-hydroxytryptamine receptor antagonists. Interestingly, removal of the endothe lium did not change the sensitivity; however, the maximum response to the peptide was increased as compared to 60 mM potassium. The rubbing proce dure of the thin cerebral vessels appears also to damage the function of the innermost smooth mus cle layer since the potassium response was reduced. However, we did not observe any morphological change by electron microscopy in the smooth mus cle layer (unpublished), which is in accord with ob servations by others (Sercombe et aI., 1985) . Since the response to endothelin was still evident in rubbed arteries, it appears that endothelin has its Elapsed time between broken lines is 10 min. Resting mem brane potential is -60 mV. Calibration bars are inserted.
action primarily on the smooth muscle cells. In some tests carried out on vessels stored for 24 h at + 4°C, similar pD2 and Emax values to endothelin were noted (not shown). This suggests that perivas cularly stored neurotransmitters are probably not involved in the endothelin-induced responses.
In earlier studies of endothelium-dependent vas oconstriction, it was noted that extracellular cal cium was necessary for the contractile effect (Hickey et aI., 1985; Gillespie et aI., 1986) . In por cine coronary arterial strips, endothelin-induced contraction was completely inhibited by preincuba tion in a calcium-free buffer (Yanagisawa et aI., 1988) . In the present study, the exchange of the standard buffer solution for a calcium-free medium with EGT A caused a reduction of the endothelium induced contraction by approximately 50%. This observation supports previous studies on the impor tance of extracellular calcium for endothelin induced contraction. In agreement with this, the two calcium entry blockers diltiazem and nimo dipine produced a similar degree of inhibition of endothelin-induced contraction ( Table 1) .
The 50% inhibition of contraction by the dihydro pyridine nimodipine and the lack of smooth muscle cell depolarization in response to endothelin (Fig. 4) suggest involvement of voltage-independent cal cium channels in feline cerebral vasoconstriction. Part of the contractile response to endothelin (50% in calcium-free medium) might be mediated via a different pathway not involving the passage of ex tracellular calcium via calcium channels. The rest ing membrane potential is slightly different in the basilar, middle cerebral, and pial arteries of the cat (Harder, 1980; Harder et aI., 1981) . Increased trans mural pressure has been shown to depolarize the smooth muscle cells of the middle cerebral artery (Harder, 1984) . In our experimental model, we ap plied a force to the vascular wall that corresponds to the physiological situation (H6gestatt et aI., 1983) . Thus, our electrophysiological results corre late well with the resting membrane potential for the same preparation reported previously (Harder, 1984) . Apart from the occasional and delayed excit atory junction potentials evoked by high concentra tions of endothelin, we found no evidence of signif icant membrane depolarization.
Maintained vasoconstriction may involve the ac tivation of the membrane-associated protein kinase C that is stimulated by phospholipid-derived diacyl glycerol. Protein kinase C may augment the calcium pump function in the sarcolemma and mediate phosphorylation of specific proteins; thus, it is sug gested to be the biochemical basis for the sustained contractile phase of smooth muscle (Rasmussen et aI., 1987) . The slow onset of the endothelin-evoked contraction of the middle cerebral artery is similar to the protein kinase C component of the sustained contractile phase seen in other arteries (e.g., Chat teIje and Tejada, 1986; Jiang and Morgan, 1987; Chiu et aI., 1987; Litten et aI., 1987; Singer and Baker, 1987; Khalil and van Breemen, 1988; Fall gren et aI., 1989) . This suggests that cerebral vaso constriction evoked by endothelin partly may in volve activation of protein kinase C. As has been shown in peripheral arteries (e.g., Khalil and van Breemen, 1988; Fallgren et aI., 1989) , this compo nent seems to comprise approximately 30--40% of maximum contraction in cerebral arteries, as evi dence by the present results (Table 1) . However, further detailed analysis is required with selective inhibitors of various steps in the intracellular cou pling from receptor to effector.
